This work presents an overview of the spatial resolution criteria in classical optics, digital optics and holography. Although the classical Abbe and Rayleigh resolution criteria have been thoroughly discussed in the literature, there are still several issues which still need to be addressed, for example the axial resolution criterion for coherent and incoherent radiation, which is a crucial parameter of three-dimensional (3D) imaging, the resolution criteria in the Fresnel regime, and the lateral and axial resolution criteria in digital optics and holography. This work discusses these issues and provides a simple guide for which resolution criteria should be applied in each particular imaging scheme: coherent/incoherent, far-and near-field, lateral and axial resolution. Different resolution criteria such as two-point resolution and the resolution obtained from the image spectrum 
Introduction
Modern optics allows three-dimensional (3D) imaging at high resolution, where the resolution is an important parameter of the performance of the optical imaging system. The resolution is typically evaluated using the Abbe criterion, which firstly only evaluates the lateral resolution, and secondly does not provide correct results for coherent radiation. Moreover, the Abbe and the Rayleigh resolution criteria were derived assuming a far-field diffraction regime, and the question on how to evaluate resolution in the Fresnel diffraction regime remains open. The situation is even worse for axial resolution, since in most cases only the lateral resolution is considered, the axial resolution is often not addressed, although this may be a crucial parameter for the 3D imaging properties of the optical system. Also, in modern imaging techniques, such as coherent diffractive imaging where the resolution criteria are adapted from crystallography, other resolution criteria are applied. Below we discuss these issues and provide a simple guide for which resolution criteria should be applied in a particular imaging scheme. An overview of techniques for improving the resolution is beyond the scope of this manuscript, and a good review of these methods is provided by den Dekker and van den Bos [1] .
Lateral and axial resolution
Before we quantitatively address the resolution criteria, we introduce two types of resolution, lateral and axial resolution, both of which are important in the characterization of an optical system.
An optical system forms a 3D image of an object by re-focusing the wavefront scattered by the object. When a camera or a screen is placed in the in-focus plane, a 2D image of the sample is obtained. The quality of this 2D image is characterized by the lateral resolution Lateral , R which is the resolution in the image plane  
,.
xy Another important parameter of an optical system is the axial resolution Axial , R which is the resolution of the 3D image along the optical axis. Typically, lateral resolution is better than axial resolution, since lateral resolution is inversely proportional to the numerical aperture of the system NA, while the axial resolution is inversely proportional to the squared numerical aperture NA 2 (as derived below). In most cases, only lateral resolution is mentioned and this is simply referred to as "resolution". In this study, both the lateral and the axial resolutions are considered.
Classical optics resolution criteria
This section is organized in chronological order. It should be noted that at the time when Abbe and Rayleigh derived their basic resolution criteria, there was no coherent light, and these formulae therefore describe resolution obtained with incoherent light.
Lateral resolution

Airy pattern
In 1835, Airy reported that light diffracted on a circular aperture exhibits concentric rings of alternating intensity maxima and minima -Airy patterns [2] . In his article, Airy tabulated the values of the function describing the intensity distribution, but he did not mention that they can be expressed through Bessel functions [3] .
The resolution criteria can be derived by considering how well an optical system can image an infinitesimal point source. A point source is imaged using a 4 f optical system, where the distance between the source and the lens is 4 f and the distance between the lens of radius a and the detector (image plane) is IU  is the intensity at the center of the diffraction pattern.
zf 
Abbe resolution criterion
In 1873 -1876, Abbe was developing optical microscopes at Zeiss, and in 1873 he published a paper on the resolution limit of an optical microscope. In this paper, Abbe did not provide any mathematical equations, and simply stated that the smallest object resolvable by a microscope cannot be smaller than half a wavelength [4] , page 456. It was only in 1882 that he published a paper in which the lateral resolution limit was provided in form of an equation [5] :
where max sin is the maximal scattering angle detected by the optical system, n is the refractive index and
is the numerical aperture of the system. For simplicity, we will assume 1 n  in the following.
NA
/ , az  where z is the distance from the aperture, and a is the radius of the aperture.
Two-point resolution and the Rayleigh criteria
One resolution criteria can be formulated based on the observation of how well images of two point sources are resolved. This approach is conventionally known as two-point resolution, and is illustrated in Fig. 1 . 
 
A detailed historical overview of how these optical resolution criteria were formulated in the original manuscripts and re-formulated into their modern form is provided in a book by de Villiers and Pike [7] .
Axial resolution criterion
When a point source is imaged by an optical system, the axial distribution of the focused wavefront is described by the sinc function (see Appendix B): 
where NA a z  is the numerical aperture of the optical system as defined above.
Diffraction pattern resolution criteria
Diffraction pattern resolution is determined by the highest detectable frequency in the image spectrum (diffraction pattern). This criterion is often applied in X-ray or electron crystallography and the coherent diffraction imaging of non-periodic samples [8] where a diffraction pattern is acquired.
To derive the lateral and the axial resolution criteria in this case, we first provide several formulae describing the formation of a diffraction pattern.
When a plane wave is incident on an object   
Next, the scattering vector is introduced as follows:
By substituting Eqs. 6 and 7 into Eq. 5 we obtain:
where the resulting far-field distribution is in   , xy KK coordinates.
Lateral resolution criterion
A wavefront diffracted on a periodical object with period d will create a peak in the far-field intensity distribution (diffraction pattern) at
On the other hand, the largest detected value of 
The obtained lateral resolution is twice as large as that obtained with the Abbe resolution criterion.
Axial resolution criterion
The axial resolution is given by the available spread of 
and thus
The axial resolution criterion obtained in this way is the same as the axial resolution criterion obtained by considering the imaging of a point source in an optical system.
Effect of coherence
Lateral resolution
Examples of the effect of coherence on lateral resolution can be found in optical textbooks, for example [9, 10] . For coherent light, the Rayleigh resolution criterion given in Eq. 3 becomes [9] : The simulation procedure is described in Appendix C.
For incoherent light, the Rayleigh resolution criterion provides the most accurate lateral resolution distance: the two points are just resolved when the distance between them is equal to the Rayleigh criterion distance, as shown in Fig. 2 (e) and (f). For coherent light, when the distance between the two points is equal to the Abbe resolution or the Rayleigh resolution distance, the two points appear unresolved. For coherent light, the Rayleigh resolution criterion for coherent light (Eq. 10) provides a more accurate result, as shown in Fig. 2(g) and (i). For both coherent and incoherent light, when the distance between two sources is the same as the distance given by the diffraction resolution criterion in Eq. 8, the two points are well resolved, as shown in Fig. 2(j) , (k) and (l). It should be noted that when the images of the two point sources are not resolved, they appear in the wrong lateral positions, for both coherent and incoherent light. This effect for the lateral resolution has been previously discussed by Grimes and Thompson [11] and Goldstein [12] . 
Axial resolution
The effect of coherence on axial resolution is illustrated in Fig. 3 . The simulation procedure is described in Appendix C.
For both coherent and incoherent light, the two sources appear to be resolved when the distance between the sources satisfies the axial resolution criterion, as given by Eqs. 4 and 9. It should be noted that in the case of coherent light, despite being clearly resolved one from another, the images of the sources appear at incorrect axial positions. 
Resolution criteria for near-and far-field imaging
The resolution criteria discussed above are derived assuming the far-field (Fraunhofer) diffraction regime. For example, Airy patterns are only obtained as a result of far-field diffraction on a circular aperture. However, there is often a need to evaluate the resolution of an optical system when the imaging is done not in the far-but in the near-field imaging regime. As "near-field imaging regime" we call the imaging at a z -distance which is shorter than that satisfying the far-field regime. It should not be confused with near-field optics operating in the sub-wavelength distance regime [13] .
Diffraction in the Fresnel (near-field) regime is typically utilized in optics and holography, for example in in-line holography with plane waves [14, 15] , focal series [16] The correct approximation for propagation in the near field is provided by the angular spectrum method (ASM) [10, 17] . In the ASM, the diffracted wavefront is calculated as:
  
Resolution in digital optics and holography
In digital optics and holography, wavefronts are sampled with a finite number of pixels. Therefore, in addition to the other parameters of the optical system, the number of pixels and the pixel size can affect the resulting resolution.
Lateral resolution
In digital holography, when a wavefront is numerically propagated from the measured intensity (hologram) plane to the object plane, the pixel size in the object plane is given by [18] :  from Eq. 12. The same result was previously obtained for the lateral resolution criterion in digital holography [19] , where the effects of sampling were also investigated.
Axial resolution
When a wavefront is numerically propagated from the measured intensity (hologram) plane to the object plane, the z -position of the reconstruction plane can be arbitrary selected, and thus there is no limit on how finely the reconstructed wavefront can be sampled along the z -axis. The axial resolution limit is thus the same as for light optics or diffraction: 
Discussion and conclusions
In conclusion, we have shown that for incoherent light, the Abbe and Rayleigh criteria provide accurate estimations of the lateral resolution. However, these criteria do not provide an accurate estimation of the lateral resolution for coherent light. The Rayleigh criterion can be re-formulated for coherent light. Resolution criteria based on an evaluation of the spectrum of the diffracted wave provide an accurate estimation of the lateral and axial resolution for both coherent and incoherent light. In summary, these resolution criteria are as follows:
Lateral resolution criterion for incoherent light 
